T cell activation is a critical step in the initiation of adaptive immunity, because it is only via the T cell activation process that naive T cells differentiate into armed effector T cells that mediate the actual immune responses. Biochemical signaling events initiated by engagement of the TCR and costimulatory molecules instruct the T cell activation process. Protein kinase C (PKC) 4 has long been known to mediate TCR signals, because phorbol ester (PKC activator) together with ionomycin (a Ca 2ϩ mobilizer) mimics the signals for T cell activation (1) . Among the 11 members of PKC family, PKC-is the only isoform translocating to the immunological synapse and mediating the signals essential for T cell activation and survival (1) (2) (3) (4) (5) . The unique function of PKC-in T cells is also confirmed by in vivo studies using PKC--deficient mice that illustrated the essential role of PKC-in the development of T cell-driven immune responses. For example, PKC-is reported to be required for the development of both Th1-dependent experimental autoimmune encephalomyelitis and Th2-dependent airway hyperresponsiveness (6 -9) . The unique function of PKC-in T cells is also reflected by the fact that T cells obtained from mice deficient in other isoforms of PKC do not display T cell defects similar to those observed in PKC-Ϫ/Ϫ mice (4, 10, 11) . In contrast to PKC--deficient mice, mice deficient in PKC-␤ have defects in the activation of B cells, but not T cells (12, 13) . These results clearly demonstrated that T and B cells, two important components of adaptive immunity, use different isoforms of PKC to mediate signals required for their activation. The highly specific role of PKC-in T cells is attributed to its ability to stimulate signaling pathways such as NF-B, AP-1, and NF-AT critical for T cell activation. T cells specifically deficient in PKCdisplay defective activation of NF-B, AP-1, and NF-AT, whereas the active form of PKC-, but not of other isoforms of PKC, selectively enhances the activation of these three transcription factors (2, 3, 14 -16) . PKC-regulates these three signaling pathways in T cells most likely via activating different downstream signaling molecules. Li et al. (17) reported that stress-activated protein kinase is required for PKC--mediated activation of AP-1, but not for the activation of NF-B. PKC-regulates Ca 2ϩ /calcineurindependent NF-AT pathway via stimulation of phospholipase C␥1 (14, 15) . In contrast, PKC--mediated activation of NF-B, but not of AP-1, in T cells is dependent on CARMA1/Bcl10/MALT1 complexes (18 -21) . Interestingly, PKC-␤ depends on the same downstream adaptor molecules CARMA1 and Bcl10 for the activation of NF-B in B cells (22) (23) (24) (25) (26) (27) . Thus, selective use of the specific isoform of PKC, but not of downstream molecules, may determine the specificity in the activation of NF-B pathway in different cell types.
Inhibition of T cell activation is the key to control unwanted immunological attacks on transplanted tissues. Transplanted tissues induce strong alloreactive responses that are usually 100-fold greater than the immune responses elicited by conventional Ags. Potent immunosuppression is thus required to prevent allograft rejection (28) . Because PKC-is a critical signaling molecule required for T cell activation and survival, it is a potential drug target for controlling T cell-mediated allograft rejection. However, the role of PKC-in allograft rejection has not been determined. Using an acute cardiac allograft rejection model, we demonstrated that PKC--regulated T cell survival plays a critical role in mediating allograft rejection. Furthermore, we showed that in combination with a subtherapeutic dose of anti-CD154 Ab, inhibition of PKCactivity could achieve long-term survival of cardiac allografts. 
Materials and Methods

Mice
Proliferation assays
Enriched T cells (0.3 ϫ 10 5 cells/well) were cultured in 96-well plates in the absence or presence of 10 ng/ml mouse rIL-2 (R&D Systems), and stimulated for 48 h in the presence or absence of anti-CD3 and anti-CD28 Abs. After 72 h of stimulation, cultures were pulsed with 1 Ci/well [ 3 H]thymidine for 8 h. For MLR, responder T cells were purified from C57BL/6 spleens of different genotypes of C57BL/6 mice, and incubated with mitomycin C-treated BALB/c splenocytes at different ratios in 96-well flat-bottom plates for 3 days. Proliferation of the T cells was then monitored by pulsing with 1.0 Ci of [ 3 H]thymidine for 8 h. Cells were then harvested and counted for thymidine incorportation, as we have described previously (4, 11, 15) .
Adoptive transfer
Spleens were removed from 8-to 12-wk-old wild-type (WT), PKC-Ϫ/Ϫ , and PKC-Ϫ/Ϫ /Bcl-x L Tg mice. A single-cell suspension was obtained by passing the splenocytes through a 70-m cell strainer (BD Discovery Labware), and the viable washed cells were counted using trypan blue exclusion. RBC were lysed with ACK lysis buffer (Sigma-Aldrich). Afterward, T cells were isolated using a T cell isolation kit (R&D Systems or Miltenyi Biotec), according to manufacturer's protocol. T cell purity was always Ͼ95% determined by flow cytometry. A total of 10 ϫ 10 6 cells was suspended in 200 l of PBS, and was administered i.v. in the tail vein of Rag1 Ϫ/Ϫ mice that received cardiac allografts from BALB/c mice.
Heterotopic vascularized cardiac transplantation
Heart transplantation was performed using microsurgical techniques, as described previously (30) . The donor aorta was sutured to the recipient aorta in an end to side fashion using 10-0 sutures (USSC), and the inferior vena cava to the recipient inferior vena cava in the same manner. Tolerance was induced by using an anti-CD154 mAb purified in our laboratory (MR1, 1 mg/mouse ϫ 1 or 3) following the previous protocol (30), or by using human CTLA4-Ig (Orencia) purchased from Bristol-Myers Squibb. Graft function was assessed daily by palpation, with rejection defined as the absence of beating. The day the graft stopped beating was defined as the time of rejection. Graft rejection was also verified by autopsy and pathological examination. Loss of cardiac graft function within 48 h of transplant was considered a technical failure, and those cases were excluded from further analysis.
Histological examination
Transplanted mice were sacrificed for histopathological examinations. The grafts were frozen rapidly in liquid nitrogen. Sections (4 -6 m) were stained with H&E for the assessment of cellular infiltration. For detecting expression of CD4 ϩ and CD8 ϩ on infiltrated cells, immunohistochemistry was performed with a standard avidin-biotin peroxidase complex method. Cryosections were stained with the following primary mAbs: anti-CD4 (GK1.5) and anti-CD8 (Ly-2; BD Pharmingen). Biotinylated goat anti-rat IgG (Jackson ImmunoResearch Laboratories) and HRP-streptavidin (Zymed Laboratories) were then added at room temperature. Immunostaining was developed by diaminobenzidine and counterstained with Mayer's hematoxylin.
Results
PKC-Ϫ/Ϫ T cells displayed greatly reduced MLR
Alloantigen-induced activation of T cells initiates potent immune responses against allografts. Our previous studies have demonstrated a requirement for PKC-in the activation of T cells induced by cross-linking anti-CD2/28 (2, 4, 15, 31) . We first determined whether PKC-also plays a role in the activation of alloreactive T cells in response to alloantigens in vitro. T cells were purified from WT and PKC-Ϫ/Ϫ mice on a C57BL/6 background. T cells were activated with anti-CD3 (1 g/ml) and anti-CD28 (2 g/ml) Abs, and the proliferation of the T cells was analyzed by [ 3 H]thymidine incorporation (Fig. 1a) . Both the proliferation and IL-2 production (Fig. 1b) of the PKC-Ϫ/Ϫ T cells were markedly reduced compared with that of the WT T cells. Furthermore, exogenous IL-2 only partially rescued defective proliferation of the PKC-Ϫ/Ϫ T cells, confirming the critical role of PKC-in T cell activation. For MLR analysis, T cells were stimulated by mitomycin C-treated BALB/c splenocytes at different ratios (Fig. 1c) . Indeed, PKC-Ϫ/Ϫ T cells also showed greatly decreased proliferation in response to allo-Ag stimulation. This was further confirmed by the reduced IL-2 production from alloantigen-activated PKC-Ϫ/Ϫ T cells (Fig. 1d ). IFN-␥ is a critical cytokine often associated with T cell-mediated allograft rejection. We therefore also measured IFN-␥ produced by alloreactive T cells (Fig. 1e) . PKC-Ϫ/Ϫ T cells produced much less IFN-␥ when compared with WT T cells. These results suggest that PKC-is required for the activation of alloreactive T cells.
Rag1
Ϫ
/Ϫ mice reconstituted with PKC-Ϫ/Ϫ T cells failed to reject cardiac allografts
To evaluate the function of PKC-specifically in T cell-mediated allograft rejection in vivo, we chose a model that requires adoptive transfer of T cells to Rag1 Ϫ/Ϫ mice. The PKC-Ϫ/Ϫ mice have been backcrossed to C57BL/6 mice for 15 generations. A total of 10 ϫ 10 6 purified T cells from spleens of WT or PKC-Ϫ/Ϫ mice was adoptively transferred to each of the C57BL/6 Rag1 Ϫ/Ϫ mice that received transplanted hearts from BALB/c donors. Rag1 Ϫ/Ϫ mice without the adoptively transferred T cells did not reject cardiac allografts (data not shown), because Rag1 Ϫ/Ϫ mice lack both B and T cells that are the essential components of the adaptive immunity. One hundred percent of the Rag1 Ϫ/Ϫ mice reconstituted with WT T cells rejected cardiac allografts 13 days after transplantation (Fig. 2) . In contrast, 100% of the transplanted hearts survived for Ͼ100 days in Rag1 Ϫ/Ϫ mice reconstituted with PKC-Ϫ/Ϫ T cells (mean survival time, Ͼ100 vs 13 days; p Ͻ 0.005). This result suggests that PKC-is required for T cell-mediated cardiac allograft rejection in the adoptive transfer model.
cells restored cardiac allograft rejection
We, as well as by others, have shown that PKC-mediates the TCR signals required for T cell activation as well as for enhancing T cell survival via up-regulation of Bcl-x L , an anti-apoptotic molecule (4, 5, 32) . We therefore investigated whether PKC--regulated survival plays a role in T cell-mediated allograft rejection.
PKC-
Ϫ/Ϫ mice were crossed to Bcl-x L Tg mice. The Bcl-x L transgene is specifically targeted to T cell compartments using a Lckproximal promoter (29) . To ensure that Bcl-x L Tg prevents T cell apoptosis resulting from the lack of PKC-, apoptosis was compared between T cells obtained from spleens of WT, Bcl-x L Tg , PKC-Ϫ/Ϫ , and PKC- (Fig. 3a) . Purified CD4 ϩ T cells from different genotypes of mice were cultured in medium or stimulated with anti-CD3/CD28 Abs, and the apoptotic cells were then detected by annexin V staining, as we described previously (4, 33, 34) . Consistent with our published results (4), without stimulation, PKC-Ϫ/Ϫ CD4 ϩ T cells displayed slightly more apoptosis than WT T cells. However, in response to anti-CD3 and anti-CD28 stimulation, PKC-Ϫ/Ϫ CD4 ϩ T cells underwent accelerated apoptosis (ϳ65% of apoptotic cells) compared with WT cells (ϳ30% of apoptotic cells). Because PKC-Ϫ/Ϫ T cells displayed reduced Bcl-x L levels upon activation (4), we next tested whether overexpression of Bcl-x L can restore survival and proliferative defects. Bcl-x L Tg restored the survival of the PKC-Ϫ/Ϫ T cells to almost WT levels (ϳ30%), suggesting that Bcl-x L Tg is sufficient to prevent apoptosis due to the lack of PKC-. Next, we determined the effects of Bcl-x L Tg on the reduced MLR by PKC-Ϫ/Ϫ T cells (Fig. 3b) . WT and PKC-Ϫ/Ϫ T cells were stimulated by splenocytes obtained from BALB/c mice. Consistent with previous observation, PKC-Ϫ/Ϫ T cells had greatly reduced MLR. Bcl-x L Tg partially restored PKC-Ϫ/Ϫ T cell-mediated MLR, but not to the WT levels. Similarly, transgenic expression of Bclx L Tg increased IL-2 ( Fig. 3c ) and IFN-␥ (Fig. 3d) production by PKC-Ϫ/Ϫ T cells during the MRL, but again not to the levels produced by WT T cells. As a control, Bcl-x L Tg alone did not have obvious effects on above assays. These results suggest that Bclx L Tg specifically restores PKC--mediated T cell survival. However, PKC-also mediates other functions essential for T cell activation in addition to enhancing T cell survival.
To determine the effects of Bcl-x L Tg on PKC-Ϫ/Ϫ T cell-mediated allograft rejection, cardiac allograft rejection was examined in Rag1 Ϫ/Ϫ mice reconstituted with PKC- analyses (Fig. 3, f-i) . A large number of infiltrating cells and damaged muscle tissues were observed in the rejected hearts removed from Rag1 Ϫ/Ϫ mice reconstituted with WT T cells (Fig. 3f, left panel), but not in the surviving hearts removed from PKC-Ϫ/Ϫ T cell-reconstituted Rag1 Ϫ/Ϫ mice (Fig. 3f, middle panel) . In agreement, infiltrating CD4 ϩ (Fig. 3g, left panel) and CD8 ϩ (Fig. 3h , 
Tg ) mice. Cryosections were prepared from cardiac allografts removed from recipients. Immunohistochemical analyses of the sections were performed with H&E staining (f), anti-CD4 Ab (g), anti-CD8 Ab (h), and isotype control Ab (i). The sections were examined using regular light microscope (ϫ400) ‫,ء(‬ p Ͻ 0.05; ‫,ءء‬ p Ͻ 0.001; ‫,ءءء‬ p Ͻ 0.0001).
left panel) cells were clearly detected in the rejected hearts, but not in the surviving hearts (middle panels of Fig. 3, g and h) . As negative controls, no stained cells were observed in the sections treated with isotype control Ab (Fig. 3i) , indicating the specificity of the anti-CD4 and the anti-CD8 Abs. Furthermore, hearts removed from the Rag1 Ϫ/Ϫ mice reconstituted with PKC-
Tg T cells also showed damaged muscle tissues (Fig. 3f , right panel) and infiltrating CD4 ϩ (Fig. 3g , right panel) and CD8 ϩ (Fig.  3h) cells, similar to the phenotypes observed in the rejected hearts. These results suggest that forced expression of Bcl-x L Tg is sufficient to restore PKC-Ϫ/Ϫ T cell-mediated cardiac allograft rejection. PKC--regulated survival of T cells thus plays a critical role in promoting acute rejection of cardiac allografts in the adoptive transfer model.
Intact PKC-Ϫ/Ϫ mice rejected cardiac allografts in a delayed manner
In addition to using adoptive transfer model, we investigated the fate of heart allografts in PKC-Ϫ/Ϫ mice (Fig. 4a) . WT mice readily rejected heart allografts 7-10 days after transplantation. In contrast to the adoptive transfer experiments, PKC-Ϫ/Ϫ mice acutely rejected allogeneic hearts, although rejection occurred in a delayed fashion, 15-26 days after transplantation (mean survival time, 8.5 vs 19.5 days; p Ͻ 0.005). We hypothesized that impaired T cell function in the absence of PKC-can be partially compensated by other cell types present in spleen. To test this hypothesis, we adoptively transferred unsorted splenocytes from PKC-
Ϫ/Ϫ mice, and monitored heart rejection ( 
Treatment with a subtherapeutic dose of anti-CD154 mAb or CTLA4-Ig prevented cardiac allograft rejection in PKC-
Ϫ/Ϫ
mice, but not in WT mice
Because PKC-Ϫ/Ϫ mice eventually rejects the cardiac allografts, we seeked to determine whether additional therapies would enable long-term allograft survival in PKC-Ϫ/Ϫ mice. Anti-CD154 mAb treatment can promote long-term allograft survival (36). We determined the effects of different doses of anti-CD154 mAb on the Ϫ/Ϫ mice that received hearts from BALB/c donors. Survival of the cardiac allografts was assessed over time.
FIGURE 5. Treatment of PKC-
Ϫ/Ϫ mice with a subtherapeutic dose of anti-CD154 mAb (mAb) or CTLA4-Ig prevented cardiac allograft rejection. a, Hearts from BALB/c donors were transplanted to WT mice treated with 0 mg (PKC ϩ , n ϭ 6), or once with 1 mg of anti-CD154 mAb (PKC ϩ /1ϫ CD154 mAb, n ϭ 6) or three times with 1 mg of anti-CD154 mAb (PKC ϩ /3ϫ CD154 mAb, n ϭ 8). Survival of the cardiac allografts was assessed over time. b, Hearts from BALB/c donors were transplanted to WT (n ϭ 6) mice and PKC-Ϫ/Ϫ (n ϭ 8) mice that were either not treated or treated once with 1 mg of anti-CD154 mAb (1ϫ CD154 mAb). Survival of the cardiac allografts was assessed over time. c, Hearts from BALB/c donors were transplanted to WT (n ϭ 5) mice and PKC-Ϫ/Ϫ (n ϭ 6) mice that were treated with one dose of CTLA4-Ig (0.2 mg/mouse). Survival of the cardiac allografts was assessed over time.
cardiac allografts in our model (Fig. 5a) . Without treatment, recipient mice readily rejected hearts 7-10 days after transplantation, whereas 3 doses (3 ϫ 1 mg) of anti-CD154 mAb prevented rejection of hearts in WT mice (mean survival time, Ͼ100 vs 8.5 days; p Ͻ 0.002). A single dose of anti-CD154 mAb treatment only delayed rejection to 10 -31 days posttransplantation (mean survival time, Ͼ19.75 vs 8.5 days; p Ͻ 0.05). We therefore investigated whether a single dose of anti-CD154 mAb could prevent heart rejection in PKC-Ϫ/Ϫ mice (Fig. 5b) . Indeed, 100% of the transplanted hearts survived for Ͼ100 days in PKC-Ϫ/Ϫ mice treated with one dose of anti-CD154 mAb (mean survival time, Ͼ100 vs 20 days; p Ͻ 0.002). In addition, we also tested effects of CTLA4-Ig that inhibit the interactions between B7 and CD28 (Fig.  5c) . One dose (0.2 mg/mouse) of CTLA4-Ig did not obviously change the course of rejection in WT mice, but allowed cardiac allografts survive for Ͼ100 days (mean survival time, Ͼ100 vs 12.5 days; p Ͻ 0.002). These results confirmed that PKC-plays a role in the regulation of alloreactive immune responses in vivo. These results suggest that drugs highly specific for PKC-may be likely to facilitate long-term allograft survival.
Discussion
Activated T cells are susceptible to apoptosis (37, 38) . TCRs deliver signals that are required not only for T cell activation, but also for enhancing cell survival (39, 40) . Such survival signals ensure the completion of the T cell activation process essential for differentiating naive T cells into effectors that mediate actual immune responses (38) . During T cell activation, the survival of the T cells is enhanced by IL-2, which acts as an extrinsic survival factor. In addition, activated T cells substantially up-regulate Bcl-x L that intrinsically increases their ability to resist apoptosis (38, 41, 42) . Previous studies, including our own, have shown that PKC-is a critical signaling molecule mediating T cell survival by up-regulating Bcl-x L (4, 5, 32) . In this study, we show that PKC--regulated T cell survival plays a critical role in acute cardiac allograft rejection.
Our adoptive transfer studies indicate that PKC-regulates the immune responses required for allograft rejection at least in part via affecting T cell survival. Our data show that in the absence of PKC-, T cell responses to alloantigens are significantly reduced, suggesting a potential role for PKC-in allograft rejection. Indeed, PKC-Ϫ/Ϫ T cell-reconstituted Rag1 Ϫ/Ϫ mice failed to reject cardiac allografts, confirming the notion that PKC-regulates T cellmediated allograft rejection. This result also suggests that blocking PKC-function therapeutically may facilitate the survival of allografts. Because PKC--mediated signals are required for both T cell activation and survival (2, 4, 31) , it was important to distinguish whether PKC--regulated survival was responsible for driving allograft rejection. PKC-enhances T cell survival by up-regulating Bcl-x L , which is supported by our data showing the restoration of the PKC-Ϫ/Ϫ T cell survival after transgenic expression of Bcl-x L . Furthermore, PKC-Ϫ/Ϫ T cell-mediated MLR and allograft rejection were also restored by Bcl-x L Tg . The PKC--regulated survival capacity of the T cells therefore influences the outcome of allografts. PKC-is believed to mediate CD28 costimulatory signals (1, 31, 43) . Costimulatory blockade can promote allograft survival in many animal models (44 -46) . Such blockade has been shown to enhance apoptosis of the alloreactive T cells, resulting in a reduction in the number of reactive effector T cells in vivo. Furthermore, if the apoptosis is inhibited, costimulatory blockade fails in promoting tolerance to allografts (44 -46) . Because PKC-is a critical molecule regulating CD28-mediated survival signals, blockade of PKC-signals may thus facilitate the survival of allografts by reducing the alloreactive effector T cells.
Alloreactive responses responsible for the acute allograft rejection are usually 100-fold more powerful than the immune responses to nominal Ags most likely due to the higher precursor frequency of alloreactive T cells. A recent in vivo study showed that the precursor frequency of alloreactive T cells could be as high as 1 in 20 peripheral T cells (47) , whereas the frequency of the Ag-specific T cells to a nominal Ag is roughly 1 in 10 6 peripheral T cells. Thus, the frequency of alloreactive T cells is five orders of magnitude greater than the frequency of the T cells specific for an Ag (48) . It is proposed that the acquisition of transplantation tolerance is determined by the size of the alloreactive T cell pool (49) . Our results can be explained by the fact that PKC--regulated survival affects the size of the alloreactive T cell pool, which in turn influences allograft rejection. As PKC-Ϫ/Ϫ T cells undergo apoptosis in response to TCR stimulation (4, 5) , it is predicted that the alloreactive PKC- Our data do not favor the possibilities that anergy or T regulatory (Treg) cells are responsible for the failed allograft rejection. Previously, we have shown that the defective PKC-Ϫ/Ϫ T cell activation cannot be rescued by phorbol ester and ionomycin stimulation (2) . Phorbol ester and ionomycin have been used to overcome anergy because they can bypass TCRs and directly stimulate T cells (50) . Exogenous IL-2 can partially rescue the defective PKC-Ϫ/Ϫ T cell activation (Fig. 1a) , because IL-2 can actually inhibit the apoptosis of the PKC-Ϫ/Ϫ T cells (4). Furthermore, anti-apoptotic Bcl-x L transgene restored cardiac allograft rejection, suggesting that it is the survival, but not likely the anergy, responsible for the failed cardiac allograft rejection. We have also examined Treg cells in PKC-Ϫ/Ϫ mice, and demonstrated that PKC-Ϫ/Ϫ mice have markedly reduced (5-to 10-fold) Treg cells (data not shown). Furthermore, Bcl-x L transgene that restored cardiac allograft rejection did not have effects on the reduced Treg cells, suggesting that the greatly reduced Treg cells are not likely to play a major role in the failed cardiac allograft rejection. What is then responsible for the difference in complete acceptance of the adoptive transfer model and the rejection of intact PKC-Ϫ/Ϫ mice? Stimulation of T cells in vivo depends on APCs to provide costimulatory signals. PKC-has been shown to mediate the CD28 costimulatory signals to stimulate T cell activation (43, 51) . CD28 costimulatory signals are also responsible for up-regulation of Bcl-x L during T cell activation (38, 40, 41) . We thus hypothesize that although PKC-mediates the important costimulatory signals required for T cell survival, its function can be overcomed or compensated by overwhelming costimulatory stimulation. This hypothesis explains why splenocytes capable of providing costimulatory stimulation restored cardiac allograft rejection even in the absence of PKC-. This hypothesis also predicts that further reduction of costimulatory signals in intact PKC-Ϫ/Ϫ mice can improve and may even achieve long-term survival of the cardiac allografts. Indeed, CTLA4-Ig treatment prevented heart rejection in PKC-Ϫ/Ϫ mice, suggesting that inhibition of CD28-mediated costimulatory signals is sufficient to prevent heart rejection.
Although allograft rejection remains a major problem in transplantation, immunosuppressive drugs that inhibit immune system make transplantation possible. Because PKC-is a critical molecule regulating T cell activation, drugs highly specific for PKCare considered potentially useful for treating allograft rejection and autoimmunity (31, 52) . Our results indicate that the inhibition of PKC-itself may not be sufficient for establishing long-term survival of allografts. In contrast to what we observed in Rag 1Ϫ/Ϫ mice reconstituted with PKC-Ϫ/Ϫ T cells, cardiac allografts are rejected by PKC-Ϫ/Ϫ mice, although in a delayed manner. The function of PKC-can be partially compensated by unknown mechanisms. Our results also demonstrate that in combination with a subtherapeutic dose of anti-CD154 Ab, cardiac allograft rejection can be prevented in PKC-Ϫ/Ϫ mice. One of the functions of CD154 on T cells is to stimulate CD40 on dendritic cells, resulting in the up-regulation of B7 family members (53, 54) . Up-regulation of B7 molecules leads to enhanced stimulation of CD28-mediated survival signals (55, 56) . Blockade of CD40-CD154 interactions has been found to be an extremely effective approach to prevent allograft rejection (57) . It is not clear whether the reduced survival capacity due to blocking CD154 contributes to the tolerance of cardiac allograft in PKC-Ϫ/Ϫ mice. Our results suggest that subtherapeutic doses of the immunosuppressive drug, when combined with PKC--specific inhibitor, may effectively prevent allograft rejection. Current immunosuppressive drugs have severe side effects not associated with their immunosuppressive action. For example, cyclosporine A and tacrolimus are nephrotoxic (58) . In addition, the diabetogenic effect of tacrolimus (59) is also a major clinical problem associated with immunosuppressive drug use. It is possible that combining treatment of lower doses of immunosuppressive drugs with the PKC-inhibitors may prevent allograft rejection with significantly reduced side effects.
